C ardiovascular disease complicates %1% to 3% of all pregnancies and is responsible for 10% to 15% of maternal mortality. Although its prevalence is considered relatively low in pregnant women, heart disease is the most common cause of maternal mortality. Because more women with congenital or acquired heart disease are reaching childbearing age due to improved medical and surgical care, and desire children, the incidence of cardiovascular disease in pregnancy is increasing. The onset of pregnancy in patients with significant congenital or acquired valvular heart disease (VHD) presents challenges to their management. Despite significant advances in diagnosis, medical and surgical therapy of VHD, the course for many of these patients during and after pregnancy can be fraught with significant adverse events for both the mother and fetus. Many patients with significant VHD often are not aware of their diagnosis prior to pregnancy and the diagnosis is made when the hemodynamic challenges of pregnancy presents clinical symptoms. The objective of this review is to address preconception counseling, risk assessment, and management issues related to the care of women of childbearing age with VHD who are pregnant or may become pregnant.
Valvular Heart Disease in Women of Childbearing Age
The prevalence and distribution of VHD differs depending on the location of the patient's origin (Table 1 ). In the developed world, progress in the medical and surgical management of patients with complex congenital heart disease (CHD) has resulted in an increase in the number of those reaching adulthood and childbearing age. CHD currently accounts for %30% to 50% of all cardiac diseases during pregnancy. 1 Rheumatic heart disease (RHD), once the most common cause of valvular disease in the developed world, is still a common disease worldwide with %90% of all heart disorders in women of child-bearing age being of rheumatic origin in non-industrialized regions. 2 However, the clinical suspicion for RHD among expectant mothers in developed nations remains heightened given the expansion of immigration patterns worldwide. Although accurate statistics are lacking, the estimated incidence of rheumatic fever in sub-Saharan Africa is %13 cases per 100 000 per year based on clinical screening, 3 while estimations between 21.5 and 30.4 per 1000 have been reported in Cambodia and Mozambique when using echocardiographic screening. 4 Besides its high prevalence, rheumatic heart disease in developing countries is characterized by the occurrence of severe VHD at a younger age than in developed countries. Mitral stenosis, which affects women more frequently than men, is relatively common among women of childbearing age with VHD. In the European Registry on Pregnancy and Heart Disease, 5 which included women from North America, Europe, the Russian Federation, Egypt, and others, mitral stenosis and/or regurgitation were the most common types of valvular pathologies (63%), followed by aortic valve disease (23%). In this registry, patients with VHD had a higher maternal mortality rate compared with patients with CHD. 5 Women with severe symptomatic mitral stenosis hospitalized in a tertiary care center in Africa experienced a nearly 50% mortality rate, most of which occurred postpartum. 6 Therefore, cardiologists worldwide must maintain awareness of the possibility of rheumatic valve disease, which remains prevalent in migrant populations.
Cardiac Physiology During Pregnancy, Labor, and Delivery
Hemodynamic changes during pregnancy
The onset of pregnancy marks the beginning of progressive and profound changes in the physiology of the cardiovascular system, which includes marked increases in cardiac output and intravascular volume, as well as lowered systemic vascular resistance (Table 2, Figure 1 ). [7] [8] [9] Cardiovascular hemodynamic changes begin very early in pregnancy. Initially, marked increases in circulating blood volume are met with an increase in stroke volume, a 15% to 20% increase in heart rate, and increases in left ventricular end-diastolic volume, which peak during the third trimester. The net effect is a 30%
to 50% increase in cardiac output by the end of the first trimester, an effect that peaks between the second and third trimesters. During the early stages of pregnancy, increases in stroke volume are largely responsible for the observed increase in cardiac output, while later in pregnancy an • Marfan syndrome, Ehlers Danlos, Turner's syndrome or other aortic disease resulting in or associated with aortic valve disease
• Prosthetic valve (mechanical or bioprosthesis)
• Prior history of infective endocarditis
• Ross procedure
Mitral valve lesions
• Congenital valvular stenosis
• Myxomatous valve disease (mitral valve prolapse)
• Rheumatic valvular disease
• Prior infective endocarditis
• Hypertrophic cardiomyopathy with systolic anterior motion of the mitral valve
• Tethered mitral valve related to dilated cardiomyopathy
Pulmonic valve lesions
• Congenital pulmonic stenosis, Noonan syndrome, post-operative Tetralogy of Fallot
• Pulmonic regurgitation (native or residual after interventional or surgical correction of more complex congenital heart disease)
• Prosthetic valve (bioprosthesis)
Co-existing lesions/problems that affect outcome
• Severe pulmonary hypertension
• Impaired ventricular (or systemic) function moderate or greater (LVEF <40%)
• History or presence of heart failure
• Aortic dilatation in Marfan syndrome or bicuspid aortic valve disease
• Aortic coarctation
• Cardiac arrhythmias
• History of stroke or transient ischemic attack
• Presence of anticoagulation LVEF indicates left ventricular ejection fraction.
increased heart rate accounts for these changes. Another important hemodynamic consideration is the maturation of the placental circulation, which provides a substantial reduction in systemic vascular resistance. Vascular resistance decreases by 30% to 50% by the end of the second trimester, before rising toward the end of the third trimester. 10, 11 As soon as 20 weeks gestation, preload reduction may occur due to compression of the inferior vena cava (IVC) by the gravid uterus, thus reducing cardiac output. Moreover, afterload may increase due to aortic compression at this time. A substantial increase in blood volume causes all 4 cardiac chambers to increase in size; these changes are often noted on echocardiography and decrease to baseline levels in the postpartum period. Pregnancy-related volume load contributes to progression of diastolic dysfunction in women with structural and valvular heart disease. 12 As early as 20 weeks gestation, the enlarging uterus can obstruct venous return and may cause stasis, Table 2 . Hemodynamic Adaptations of Pregnancy 7, 8 Part A: changes during gestation
• Cardiac output increases by 30% to 50% by end of first trimester and continues its increase until the second and third trimesters.
• Stroke volume is augmented particularly in early pregnancy which can result in a systolic flow murmur usually of an intensity of less than grade II/VI.
• Circulating blood volume reaches a maximum of 40% above baseline at 24 weeks gestation.
• Heart rate rises by 10 to 30 beats/minute late in pregnancy.
• Up to 30% of women develop reversible chamber enlargement.
• Preload reduction may occur due to diminished venous return related to a mechanical compression of the inferior vena cava by the gravid uterus.
• Decreased systemic vascular resistance is related to the presence of placental circulation as well as the effect of vasoactive circulating substances during pregnancy.
Part B: changes during labor & delivery
• Cardiac output increases by another 15% in early labor, by 25% during stage 1, and by 50% during expulsive efforts. The changes may be partially avoided by the use of epidural anesthesia.
• Pain and anxiety can induce further increase in heart rate and blood pressure.
• Acute increase in preload is attributed to an increase in blood volume induced by the boosting effect of uterine contraction as well as autotransfusion associated with uterine involution and resorption of leg edema from the removal of vena cava compression.
• The increase in circulating blood volume is partially offset by the blood loss normally associated with delivery. leading to a further rise in the risk of thromboembolism. 13 In patients on medical therapy, close monitoring and dosing adjustments are important throughout pregnancy as pharmacokinetics of drugs vary during different stages of pregnancy.
14 Notably, pregnancy induces a series of hemostatic changes leading to hypercoagulability and an increased risk of thromboembolic events particularly relevant in the presence of underlying valve disease and chamber dilatation. Each of these hemodynamic alterations may have effects that can be beneficial or detrimental depending on the characteristics of the existing valvular abnormality. As will be discussed in more detail later, pregnant women with severe mitral or aortic stenosis, when faced with an increase in cardiac output and decrease in systemic vascular resistance, will likely experience clinical decompensation. Conversely, women with advanced mitral or aortic regurgitation and a preserved ejection fraction, may benefit from a decrease in afterload provided by a low resistance circuit, and remain relatively asymptomatic until late in pregnancy. Specific valve lesions will be discussed in later sections of this review.
Hemodynamic changes during labor, delivery, and postpartum
The cardiovascular system of women with valvular heart disease is limited in its ability to accommodate the demands of pregnancy. These limitations become more evident during labor and delivery, where several changes in the circulatory system could result in hemodynamic decompensation. 15 The abrupt nature of these changes can be a challenge particularly for women with limited cardiovascular reserve. At the time of labor and delivery, maternal hemodynamics are influenced by pain, anxiety, maternal position, blood loss, Valsalva maneuver, uterine contractions, and analgesia if used. There are catecholamine-induced increases in heart rate and stroke volume, due to pain and anxiety, which lead to marked changes in cardiac output. Arterial blood pressure increases during each contraction by up to 15 to 20 mm Hg. Cardiac output further increases from pre-labor values, particularly in the second stage of labor. Some intravascular volume is lost at delivery, where variable blood loss will occur; %500 mL with a normal vaginal delivery and 1000 mL for a routine Cesarean section. The use of epidural anesthesia and analgesia can blunt many of the hemodynamic alterations associated with labor and delivery. Alleviating pain reduces heart rate, blood pressure, and oxygen consumption. 15 Compared with no anesthesia, the presence of regional analgesia limits the overall increase in cardiac output at the time of labor and delivery. Induction of general anesthesia can exacerbate hypertension and tachycardia. The gradual hemodynamic adaptation of pregnancy is rapidly reversed in the early postpartum period. Dramatic alterations in hemodynamics occur within the first 12 to 24 hours postpartum. Within the first hour of delivery, cardiac output remains high compared with pre-labor values (as much as 80% above pre-labor values), due to the relief of caval compression and the massive autotransfusion from the uterine blood volume. 16 The use of anesthesia and analgesia can cause hypotension as a result of venous pooling and decreased systemic vascular resistance. Changes in fluid balance resulting from decompression of the inferior vena cava (IVC), as well as the redistribution of blood from the lower limbs, can result in a rapid increase in preload and possibly pulmonary congestion with clinical heart failure.
Further fluctuations in hemodynamics result from the loss of the low resistance placenta and a relative increase in systemic vascular resistance, as well as the mobilization of dependent edema and interstitial fluid. Importantly, the hemodynamic changes reverse most prominently within the first 2 weeks postpartum, but will continue for 6 months postpartum or longer.
Mode of Delivery
The type of delivery mainly depends on the hemodynamic status of the patient as well as obstetric indications. 17 In women at elevated risk for cardiac complications at the time of labor and delivery, a multidisciplinary team should be formed that consists of the patient's obstetrician, obstetrical anesthesiologist and a cardiologist. This team should coordinate the timing and mode of delivery, discuss any precautions, the type of anesthesia, the necessity for specific medical therapies and the need for additional hemodynamic monitoring. Deliveries in women with cardiac disease are best accomplished in a tertiary care hospital. A multidisciplinary team is crucial to adequate management of patients at the time of labor and delivery and consultation is recommended prior to the onset of labor and delivery. In addition, patients with clinical indications, such as advanced VHD, clinical heart failure or underlying left ventricular systolic dysfunction, should be monitored carefully throughout labor and delivery, as well as in the early postpartum period, when hemodynamic decompensation is most likely to occur. Pulmonary artery catheterization is rarely required, with invasive hemodynamic monitoring only necessary in select cases of complex and severe hemodynamic compromise according to one's own best clinical judgment. 18 According to the European guidelines, 19 primary Cesarean section should be considered in pregnant patients with severe heart failure, aortic root >45 mm, acute aortic dissection, or patients on oral anticoagulants in pre-term labor.
Vaginal delivery is the preferred mode of delivery in most women, even in those with established cardiovascular disease. Virtually all pregnant women with cardiac disease should expect an attempt at vaginal delivery, unless obstetric contraindications exist. For women with pre-existing cardiac disease, a vaginal delivery poses less cardiac risk, as Cesarean delivery is accompanied by approximately twice as much blood loss. Patients who are considered stable from a cardiac perspective can be allowed to spontaneously progress through the stages of labor. The advantages of vaginal delivery include less blood loss, absence of abdominal surgery, more rapid recovery, and decreased thrombogenic risk. The presence of epidural anesthesia allows for a controlled descent of the fetus to the pelvic floor, diminishing the frequency and intensity of the Valsalva maneuver. Of note, epidural catheter placement is contraindicated in patients on anticoagulants. An assisted second stage of delivery, which shortens the time to delivery (by vacuum or forceps), may be required in women who cannot tolerate a long second stage of labor or excessive maternal efforts with the Valsalva maneuver for cardiac reasons.
Cesarean delivery eliminates the hemodynamic insults associated with labor. However, it is associated with more significant blood loss and more abrupt hemodynamic changes. In addition, it increases the risk of venous thromboembolism, infection, and postpartum hemorrhage. It usually allows for more invasive hemodynamic monitoring if required. General anesthesia is rarely required in the setting of a Cesarean section and is mainly reserved for hemodynamically unstable patients.
Maternal Risk Stratification
Risk assessment of adverse maternal and fetal outcomes during pregnancy complicated by valvular heart disease remains difficult. Ongoing risk assessment and a tailored management approach during pregnancy in patients with VHD according to baseline disease severity are essential. A prepregnancy evaluation and discussion is emphasized by the American Heart Association/American College of Cardiology Valvular Heart Disease guidelines. 20 The Task Force on the Management of Cardiovascular Disease in Pregnancy from the European Society of Cardiology (ESC) now recommends an integrated risk stratification scheme, which incorporates all known maternal cardiovascular risk factors ( Figure 2 ). 18, 19, 21 This scheme is the most comprehensive risk stratification system to date. Non-cardiac maternal predictors of neonatal events include smoking during pregnancy and multiple gestation pregnancy. Maternal cardiac factors directly related to valvular disease include the presence of a mechanical valve prosthesis, the use of oral anticoagulants during pregnancy, moderate or severe left-sided cardiac obstruction in the mother, maternal cyanosis, and baseline maternal New York Heart Association (NYHA) heart failure of class II or above. 19, [22] [23] [24] Potential adverse fetal events include the fetus being small for gestational age, intracranial hemorrhage, and death. In the European Registry on Pregnancy and Heart Disease, 5 heart failure was the most commonly observed maternal complication in pregnant women with VHD. Hospital admission was common, seen in 38% of patients with VHD, and supraventricular arrhythmias were more commonly observed in VHD patients than in any other patient subgroup, which included those with congenital heart disease, cardiomyopathy, and ischemic heart disease. Furthermore, postpartum hemorrhage was frequently encountered in the VHD group, likely related to the use of anticoagulant medications. 5 Maternal mortality varies widely in patients with valvular heart disease, and is considered a relatively rare cause of maternal mortality in developed societies. 5, 22, 25 Patients at prohibitively high risk who should be counseled against pregnancy are those in World Health Organization (WHO) Class IV ( Figure 2 , right-sided column), and include patients with severe symptomatic aortic or mitral stenosis, cardiomyopathy with a left ventricular ejection fraction of ≤30%, Marfan syndrome with aortic root ≥45 mm, and advanced pulmonary hypertension (two-thirds of systemic pressure), and/or Eisenmenger syndrome. In addition, women with a history of peripartum cardiomyopathy in whom left ventricular systolic function has not fully recovered are also at prohibitively high risk. Particularly in these categories of patients, who are symptomatic early in pregnancy, termination of pregnancy needs to be considered. 19, 21 Exercise testing can be valuable in patients with various cardiac lesions. Exercise testing is useful to objectively assess the functional capacity of any individual patient, as well as their hemodynamic response and possible presence of exercise-induced arrhythmias. It has become an integral part of the follow-up of nonpregnant asymptomatic patients with VHD, as well as those with CHD. 26, 27 Pre-pregnancy symptoms can often predict the likelihood of serious adverse outcomes during pregnancy or labor and delivery. 28, 29 It can be performed in women in order to aid in risk assessment, preferably prior to pregnancy (Level of Evidence C). 19 However, consensus on specific cutoff values for metabolic equivalents, heart rate, or blood pressure responses are not available for guidance. One study suggested that women who achieve pre-pregnancy peak heart rate ≥150 beats per minute and/or peak oxygen uptake ≥25 mL kg À1 min À1 may be considered to have safer pregnancy outcomes. 29 In another study, peak heart rate and percentage of maximum heart rate were associated with pregnancy-related cardiac events. 28 
Preconception Counseling
Physicians caring for female patients of reproductive age that have a history of VHD or prior cardiac valve surgery have largely underutilized preconception counseling. A substantial number of women present for the first time with symptoms during pregnancy, without an opportunity for preconception counseling and timely treatment before pregnancy. From risk stratification, to contraception counseling and pursuit of the appropriate therapeutic course prior to conception, preconception counseling has the potential to simplify the clinical course for many of these patients at high risk ( Figure 3) . 20, 30 The American College of Cardiology/American Heart Association adult congenital heart disease guidelines, 27 valvular heart disease guidelines, 20 and European Society of Cardiology guidelines 31 all endorse preconception counseling and discussion of contraception as the duty of the cardiologist. Individual counseling by experts, advice on contraception, and ultimately close follow-up between the patient and a multidisciplinary care team which includes a cardiologist and obstetrician can potentially impact the lives of both mother and baby. As part of these complex discussions, pregnancyrelated complications should include those related to the pregnancy, as well as potential late adverse maternal cardiac outcomes, and the potential for fetal prematurity and its consequences. In addition, attention to discontinuation and possibly replacement of medications that are teratogenic should take place. Commonly used medications that are contraindicated in pregnancy (FDA Class D) include atenolol, amiodarone, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, spironolactone, statin medications, and anticoagulants including warfarin.
Contraceptive Choices in Women With Heart Disease
Choice of contraception requires consideration of pregnancy risk, available contraception options as well as their risks and benefits, failure rates, understanding the consequences of unplanned pregnancy, and the preferences of the woman. Cardiologists are responsible for educating women about safe Adapted from Regitz-Zagrosek et al 19 and Thorne et al, 21 with permission of Oxford University Press (UK) © European Society of Cardiology, www.escardio.org/guidelines and BMJ Group, respectively. ASD indicates atrial septal defect; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; PDA, patent ductus arteriosis; VSD, ventricular septal defect.
contraceptive options as they relate to their cardiac condition, a position recently endorsed by professional societies. 19, 27 Furthermore, it is now a Class I recommendation from the ESC guidelines that pre-pregnancy and post-conception risk assessments and counseling are performed in all women with known or suspected congenital or acquired heart or aortic disease. 19 There is considerable room for improvement in this area. Contraceptive options include: (1) combined hormonal contraceptives (COCs; estrogen/progestin formulations); (2) progestin-only formulations; (3) intrauterine devices; (4) barrier methods, and (5) sterilization/permanent forms of contraception. 32 The most comprehensive guidance is provided by a British working group that developed guidelines for the use of COCs in women with heart disease using the World Health Organization (WHO) format. [32] [33] [34] [35] [36] Both estrogen and progestins have adverse cardiac effects. However, the most clinically important are those of estrogen, which can cause thromboembolic events and hypertension. Due to the potential for thromboembolic complications, combined hormonal contraceptives in the form of pills, transdermal patches or vaginal rings are not recommended in women with mechanical heart valves (due to the risk of valve thrombosis), Eisenmenger syndrome (due to the risk of pulmonary embolism), and women with intracardiac shunts (due to paradoxical emboli). 21 Monthly injectable formulations that contain medroxyprogesterone acetate are no longer appropriate for patients with heart failure because of the tendency for fluid retention. Barrier methods and the levonorgestrelreleasing intrauterine devices are the safest and most effective options that can be used in women with cardiomyopathy and reduced systolic ventricular function, cyanotic Figure 3 . Algorithm of preconception counseling and evaluation. *A heart valve team includes monitoring in a tertiary care center with a dedicated a team of cardiologists, surgeons, anesthesiologists, and obstetricians with expertise in the management of highrisk cardiac patients during pregnancy (Level of Evidence: C). 20 †Infective endocarditis (IE) prophylaxis may be considered for high risk lesions, but is not required for vaginal delivery. 30 heart disease, and advanced pulmonary hypertension. In women at prohibitively high risk for pregnancy, permanent forms of contraception can be considered. A detailed discussion regarding family planning coordinated with the patient's obstetrician is indicated so that patients can better understand the risks of pregnancy and contraception.
Specific Valve Lesions and Therapies
Treatment of a specific valvular lesion during pregnancy may be required in the presence of heart failure, arrhythmia, or hemodynamic deterioration, in order to prevent significant maternal or fetal morbidity or mortality. However, the optimal treatment pathway to improve maternal and fetal outcomes, whether medical or interventional, remains unclear. 37 A brief review of the medical therapies used during pregnancy for heart failure symptoms can be found in Table 3 . 38 A more comprehensive review of medical therapies used in pregnancy is discussed in the most recent ESC guidelines on the management of cardiovascular disease during pregnancy. 19 Often, recommendations are made with level of evidence C. 27, 31 Factors independently associated with maternal complications are the presence of left heart obstruction, mechanical valve replacement, and systemic or pulmonic atrioventricular valve regurgitation, among others.
22,24

Aortic stenosis
The most common etiology of aortic stenosis (AS) in women of childbearing age is a congenital bicuspid aortic valve, often with an associated aortopathy. 31 If provided with a timely diagnosis and appropriate follow up, carefully chosen aortic stenosis patients can tolerate pregnancy well when the obstruction is of mild or moderate severity (aortic valve area >1.0 cm 2 ). 39 Recent data suggests that the overall maternal mortality is <1% even in patients with severe aortic stenosis 40, 41 ; however, the incidence of other complications for both mother and fetus rises dramatically with increasing severity of aortic stenosis. Nearly a third of mothers with aortic valve area <1.5 cm 2 require hospitalization, while also experiencing an increased incidence of unfavorable outcomes for the fetus, including fetal growth restriction, respiratory distress, preterm birth, and low birth weight. 39 Studies in this population of patients have had small sample sizes but estimates suggest that heart failure occurs in %7% to 17% of pregnant women with severe aortic stenosis, while arrhythmias occur in 3% to 33%. [39] [40] [41] This phenomenon highlights the need for preconception counseling, as well as careful monitoring and follow-up in this particular subset of patients. Interestingly, some patients with severe AS can sustain a pregnancy well, particularly if they remain asymptomatic during exercise testing prior to pregnancy. 31, 40 While there is no optimal medical treatment for AS, patients may respond to a restriction in activities as well as preload reduction with cautious use of diuretics if they are symptomatic. Options for patients unresponsive to medical therapy include termination of pregnancy in the early stages of pregnancy, catheter-based valvuloplasty and surgical valve replacement in later stages depending on the clinical status and availability. 40, 42, 43 Symptomatic patients with severe aortic stenosis should undergo surgery prior to pregnancy. 44 Even asymptomatic patients with severe stenosis and LV dysfunction with an ejection fraction <50% or exerciseinduced symptoms are at higher risk for adverse outcomes and should be considered for surgery prior to pregnancy. 40, 41, 45 In women with severe, symptomatic AS, Cesarean delivery is usually preferred. 19 In non-severe AS, vaginal delivery is preferred with avoidance of epidural anesthesia secondary to the accompanying marked decrease in peripheral vascular resistance.
Patients with bicuspid aortic valve disease often have a concomitant aortopathy. Aortic coarctation, aortic dilatation, or aneurysms may coexist in patients with bicuspid aortic valve disease. Therefore, all women with bicuspid aortic valve should undergo imaging of the ascending aorta and proximal descending aorta prior to pregnancy as part of their prepregnancy risk assessment. Women with unrepaired native coarctation and those with residual coarctation and/or aneurysms and residual hypertension have an increased risk of aortic dissection and rupture, or rupture of a cerebral aneurysm. 46 If the ascending aorta measurement is >50 mm (or 27.5 mm/m 2 ), aortic surgery should be considered prior to pregnancy. 19 
Mitral stenosis
Mitral stenosis (MS), the most common manifestation of rheumatic heart disease, remains the most common acquired valvular lesion in pregnant women and the most common cause of maternal death from cardiac causes worldwide. 8, 18 Although mortality remains low in women from developed societies, the rate of fetal morbidity, including fetal growth restriction and preterm birth, rises with the severity of MS from %14% in pregnant patients with mild MS, to 28% and 33% in pregnant patients with moderate and severe MS. 47, 48 Moderate or severe mitral stenosis is poorly tolerated during pregnancy. Direct planimetry of the mitral valve is probably the most reliable measurement of the mitral valve area during pregnancy. 49 During changing hemodynamic conditions, such as pregnancy, determination of mitral valve area by the continuity equation likely provides a better estimation over the pressure half-time method. 50 However, the functional significance of the degree of mitral stenosis is likely more closely related to the mean gradient across the valve, which usually increases during pregnancy, as well as the effects on pulmonary artery systolic pressure. 51 Exercise testing is useful prior to pregnancy to determine exercise tolerance and maternal risk. 19 The risk of clinical decompensation depends on the severity of MS. Heart failure occurs frequently in pregnant women with moderate or severe mitral stenosis (area <1.5 cm 2 ), even in previously asymptomatic patients, in the second and third trimesters, when maternal blood volume 
ACE Inhibitors/ARB
• Proven benefit in treatment of chronic heart failure in nonpregnant patients
• Contraindicated throughout pregnancy due to teratogenic effects. Associated with oligohydramnios, neonatal death secondary to renal failure, renal agenesis.
• FDA Class C for first trimester; D for second and third trimesters Adapted from Stergiopoulos et al. 38 Copyright 2011, with permission from Elsevier.
and cardiac output peak. The rates of prematurity are 20% to 30%, fetal growth restriction 5% to 20%, and stillbirth (1% to 3%). 39, 48 Therapeutic options for patients with mitral stenosis include both medical and surgical alternatives, as well as catheter-based interventions if available, with the choice dependent on the degree of stenosis and patient symptoms. Medical therapy includes limitation of activity, use of diuretics and beta-blockers for symptom control if heart failure or atrial arrhythmias are present. Patients with severe MS are classified as high risk (World Health Organization class IV risk), with percutaneous balloon mitral valvuloplasty as the preferable option in symptomatic patients refractory to medical therapy and bedrest. 8 Vaginal delivery is preferred in patients with mild MS, and in patients with moderate or severe MS in whom symptoms are NYHA Class I-II without pulmonary hypertension. Cesarean section may be considered in patients with moderate or severe MS with Class III-IV symptoms, or who have pulmonary hypertension despite medical therapy, in whom percutaneous mitral valvuloplasty cannot be performed, or has failed.
Mitral and aortic insufficiency
Mitral valve prolapse is the most common cause of mitral insufficiency in developed societies, surpassing rheumatic fever, which is still a prevalent cause in underdeveloped countries. Aortic insufficiency in women of reproductive age can be the result of a wide variety of pathologic processes including a history of endocarditis or rheumatic heart disease, bicuspid aortic valve disease, and aortic annular dilatation related to ascending aortic dilatation. 8, 56 The placental circulation provides a reduction in systemic vascular resistance, thereby reducing afterload, and interacts favorably with the hemodynamic characteristics of both mitral and aortic insufficiency. In the absence of significant left ventricular dysfunction, significant chronic left-sided valvular insufficiency can be well tolerated during pregnancy. 39, 47 Again, evaluation should be performed prior to pregnancy. In the presence of moderate or severe regurgitation, exercise testing is recommended prior to pregnancy, although the level of evidence supporting this statement is based on committee consensus (Level of Evidence C). 19 In the presence of left ventricular dysfunction, the volume load of pregnancy may induce symptoms of pulmonary congestion, necessitating restriction of activities, dietary interventions aimed at lowering sodium intake, and medical therapy for heart failure including diuretics, beta-blockers, and/or vasodilators. Vasodilators may only be used cautiously in the pregnant woman, with concern for avoidance of uteroplacental hypoperfusion. Commonly used vasodilators such as angiotensin converting enzyme inhibitors and angiotensin receptor blockers are contraindicated at any stage of pregnancy due to their teratogenicity 57 ; preload and afterload reducing effects can be obtained using hydralazine and nitrates in combination, which have an established record of safety during pregnancy. 26 Other commonly used medications in pregnancy, with established efficacy in the treatment of hypertension in pregnancy, include methyldopa, labetalol, and amlodipine. Women without severe regurgitation, normal left ventricular systolic function, and no clinical symptoms are at low risk for pregnancy-related complications. Women with severe regurgitation and symptoms, or compromised left ventricular function, should be referred for valve surgery prior to pregnancy, favoring valve repair. Treatment of severe valvular regurgitation surgically is rarely indicated in pregnancy, with the exception of treatment of infective endocarditis, due to its life-threatening nature. 58 Vaginal delivery is the preferred mode of delivery in women with severe regurgitant valve disease, with an epidural and shortened second stage of labor.
Tricuspid regurgitation
Tricuspid regurgitation (TR) is usually functional, related to annular dilatation due to RV pressure or volume overload (often in association with mitral valve disease), previous endocarditis, or rheumatic heart disease. Isolated TR, without right ventricular dysfunction, seldom causes any clinical sequelae during pregnancy, labor or delivery, and rarely requires correction prior to pregnancy. An exception may be women with uncorrected Ebstein's anomaly if heart failure or cyanosis are present. Ebstein's anomaly is associated with the presence of an atrial septal defect and Wolff-Parkinson-White syndrome. Pregnant women with interatrial shunt reversal can develop cyanosis. Due to severe right atrial dilatation and right heart failure, arrhythmias may develop, and are associated with a worse prognosis in pregnancy. 59 In this setting, correction of Ebstein's anomaly and its associated conditions can be considered prior to pregnancy.
Pulmonic stenosis and insufficiency
Pulmonic stenosis (PS) is most often congenital and valvular in location, though subvalvular or supravalvular congenital forms may also be present. Homograft deterioration after a Ross procedure may result in PS or pulmonic regurgitation. Pulmonic stenosis, even when severe, is generally well tolerated during pregnancy, though some patients experience systemic hypertension-related disorders, including preeclampsia during their pregnancy. 60 Severe pulmonic stenosis may result in right ventricular failure and arrhythmias. Relief of pulmonic stenosis obstruction prior to pregnancy is ideal, using balloon valvuloplasty, and should be performed when the peak forward flow gradient is higher than 64 mm Hg. 27 Patients with mild or moderate pulmonic stenosis are regarded as low risk (Figure 4 ). Balloon valvuloplasty is only rarely indicated in pregnancy in those patients unresponsive to medical therapy and bed rest. 61, 62 Uncorrected severe PS is associated with a number of serious complications to the fetus, including preterm birth in 17% of patients and a high offspring mortality of 4.8%. 60 Vaginal delivery is usually possible and preferable in patients with mild or moderate PS and severe PS who have class I or II symptoms. Women with severe PS and class III/IV symptoms, in whom percutaneous intervention has failed or cannot be performed, should be delivered by Cesarean section. 39 Vaginal delivery is most commonly the preferred method of delivery, even for patients with severe pulmonic stenosis. Severe pulmonic regurgitation (PR) can be due to previous balloon valvuloplasty secondary to PS, or previously repaired Tetralogy of Fallot. Severe PR has been shown to be an independent predictor of maternal complications, particularly in patients with impaired right ventricular function. 23 Pregnancy may be associated with a progressive dilatation in right ventricular size, which may persist after pregnancy. In symptomatic patients with severe PR and reduced right ventricular function and/or dilatation, pulmonic valve replacement, preferably with a bioprosthesis, should be considered prior to pregnancy.
Anticoagulation Options in Pregnancy
Patients of childbearing age with mechanical prosthetic valves pose unique challenges since there is no optimal anticoagulation agent considered completely safe at all stages of pregnancy. 63 Each anticoagulant option has its drawbacks, whether increased risk of bleeding, increased risk of thromboembolism, or both. Another concern is that the current data includes heterogeneous populations, different risk factors for thromboembolism, different valve types and position, unreported or unknown time in therapeutic range, and unknown compliance. 64, 65 In the hypercoagulable setting of pregnancy, the risks of maternal thromboembolism and death when anticoagulation is not adequately maintained are a constant concern. However, whether it be potential maternal hemorrhage or fetal complications such as spontaneous abortion or embryopathy, the risks of anticoagulation are both numerous and considerable. Immediate echocardiography is indicated in patients with a mechanical heart valve and any change in symptoms or physical examination findings ( Figure 5 ). Extensive counseling of the patient is required prior to embarking on this challenging aspect of care (Figures 3 and 6 ; Table 4 ). 19, 20, 66 Oral anticoagulants
The established efficacy of warfarin makes it the benchmark of the currently available treatment options, as it affords the greatest protection against maternal valvular thrombosis, thromboembolism, and death in this subset of patients. 64 Mothers receiving warfarin with an international normalized ratio of 2.5 to 3.5 throughout pregnancy experience a much lower incidence of thromboembolic event (3.9%), compared with those patients receiving heparin in the first trimester followed by warfarin (9.2%) and those receiving heparin throughout pregnancy (25%), results that paralleled the incidence of maternal death as well (1%, 4.2%, and 6.7%, respectively). 64 The risk of valve thrombosis with warfarin throughout pregnancy is low (2.4%) compared with unfractionated heparin (UFH) in the first trimester (10.3%). 67 However, the efficacy record of warfarin is offset by its poor safety record with reported associations including fetal wastage, congenital fetal anomalies (nasal hypoplasia and epiphysis stippling), and a higher incidence of fetal intraventricular hemorrhage particularly during forceps extraction, all of which are unacceptable side effects for most women. 64 The most feared potential complication is warfarin embryopathy, which occurs as a consequence of it crossing the placenta with a prevalence estimated at %0.6% to 6%. 64, [68] [69] [70] The dependency of the embryopathy risk on the dosage has also been a source of controversy with one school of thought suggesting that the incidence can be lowered if the total daily dose is maintained below 5 mg, [71] [72] [73] while other investigators refute this conclusion and believe the risk to be independent of the warfarin dose. 74 Newer agents, such as dabigatran, are considered Food and Drug Administration (FDA) Class X, and are not considered safe in pregnancy, nor are they considered safe in patients with mechanical valves who are not pregnant. 75 A recent pilot study highlighted the impact of comprehensive preoperative counseling on women evaluating their options for valve replacement surgery and possible anticoagulation, while also demonstrating that low-dose anticoagulation therapy for patients with third-generation mechanical aortic valves was associated with no maternal or fetal complications in a small selected group of patients. 76 While provocative, future studies are required to verify these outcomes in a larger group of patients. 72, 77 Low-dose aspirin is often added to systemic anticoagulation in the pregnant woman, particularly if the risk of thromboembolism is high (ie, mechanical prosthesis in the mitral position) and in the presence of other risk factors, such as the presence of atrial fibrillation or prior thromboembolic event. This is considered a Level 2A, Level of Evidence C recommendation. 
Unfractionated heparin
The safety of unfractionated heparin (UFH) to the fetus is well established, as it does not cross the placenta and is not teratogenic. However, this increased safety profile for the fetus comes with a cost of an increase in maternal thromboembolism and death. 68, 72 This anticoagulation option is associated with the highest rate of thromboembolism (33%). 66 The possibility of inadequate anticoagulation due to the difficulty in effectively monitoring activated partial thromboplastin time (aPTT) and the decreased aPTT response to heparin during pregnancy due to increased levels of factor VIII and fibrinogen may offer some explanation for these poor maternal outcomes. Continuous intravenous heparin is suggested in high-risk patients, 26 at the expense of an increased risk of infections and osteoporosis, and the possibility of infection from long-term intravenous access and hospitalization. This option is used infrequently due to its impracticality and not mentioned in current issues of guidelines.
66
Low molecular weight heparin Low molecular weight heparin (LMWH) is an attractive alternative to heparin, in that it does not permeate the placenta while posing a lower risk of bleeding complications, spontaneous abortion, and osteoporosis. The pharmacokinetics of LMWH are also superior to UFH, providing a predictable dose response, superior bioavailability, and a longer half-life. LMWH may also have higher efficacy than UFH in the first trimester. 67 This favorable profile, however, is offset by a higher incidence of maternal valve thrombosis, thromboembolism, and death, though this could be due to inadequate dosing, failed monitoring, or subtherapeutic antiXa levels. [78] [79] [80] LMWH dosed twice daily with a target antifactor Xa level of 0.7 to 1.2 IU/mL at 4 hours after injection is associated with an embolic risk of 7% to 16%. 66 Dose requirements for LMWH change during pregnancy and the current recommended target anti-Xa level is 0.8 to 1.2 U/mL 4 to 6 hours post-dosing, measured weekly. 81 The close monitoring of dosing requirements is essential given the importance of measuring trough levels and the increased maternal thromboembolic risk associated with sub-therapeutic anti-Xa trough levels. 82 The use of LMWH is restricted to those patients in whom compliance with measurement of anti-Xa levels is possible. 44 While the risk with dose adjusting according to anti-Xa levels of thromboembolic events is lower at about 9%, it is still higher than the risk of OAC treatment. 67, 80, 81, 83, 84 Some authors recommend measuring peak levels of anti-Xa (goal <1.5 U/mL) to reduce bleeding risk. 63 Though more frequent dosing seems to be the logical answer for raising pre-dose levels and lowering peak levels, there is no current evidence to suggest that this actually impacts the therapeutic effect of the anticoagulation or reduces incidence of valve thrombosis or bleeding. 82, 84, 85 Further studies are necessary to differentiate the proper peak and pre-dose anti-Xa levels. If epidural anesthesia is planned or likely, LMWH should be withdrawn 18 to 24 hours prior to elective delivery to prevent spinal hematoma.
New data on prosthetic valve thrombosis
Prosthetic valve thrombosis is a rare complication in the nonpregnant patient, with an estimated incidence of 0.1% to 5.7% per patient-year. 86 During pregnancy, the risk increases to up to 10%. Recently published literature suggests the efficacy of low-dose thrombolysis in pregnant women with mechanical mitral valve thrombosis under transesophageal echocardiography guidance, with excellent efficacy and fewer complications for mother and fetus than cardiac surgery, and no maternal mortality. 87 Re-thrombosis in several patients in this study was reported after thrombolytic treatment. There were no maternal deaths, but neonatal mortality was 20%. Future studies are required to determine the durable efficacy of this therapy. 88 
Comparing anticoagulation options
When deciding on an anticoagulation regimen, one must consider the type and position of the valve, history of thromboembolism, concurrent atrial fibrillation, patient compliance, and the limitations of the available data on counseling patients. Warfarin is currently the safest option for mothers in preventing thromboembolic complications, while posing a risk for embryopathy when taken in the first trimester, especially in doses higher than 5 mg during weeks 6 to 12 ( Figure 6 ). 19, 20 Ultimately the lack of randomized clinical trial data directly • For pregnant women with mechanical heart valves, one of the following anticoagulant regimens is recommended in preference to no anticoagulation: • (A) Adjusted-dose bid LMWH throughout pregnancy. Doses to be adjusted to achieve the manufacturer's peak anti-Xa LMWH 4 hours post subcutaneous injection or, • (B) Adjusted-dose UFH throughout pregnancy administered subcutaneously every 12 hours in doses adjusted to keep the mid-interval aPTT at least twice control or attain an anti-Xa heparin level of 0.35 to 0.70 units/mL or, • (C) UFH or LMWH (as above) until the 13th week, with substitution by vitamin K antagonists until close to delivery when UFH or LMWH is resumed.
Grade 1A
• In women judged to be at very high risk of thromboembolism in whom concerns exist about the efficacy and safety of UFH or LMWH as dosed above (eg, older generation prosthesis in the mitral position or history of thromboembolism), vitamin K antagonists throughout pregnancy with replacement by UFH or LMWH (as above) close to delivery is recommended Grade 2C
• Women who place a higher value on avoiding fetal risk than on avoiding maternal complications (eg, catastrophic valve thrombosis) are likely to choose LMWH or UFH over VKAs.
• For pregnant women with prosthetic valves at high risk of thromboembolism, we suggest the addition of low-dose aspirin, 75 to 100 mg/day.
Grade 2C
• Avoid the use of oral direct thrombin (eg, dabigatran) and anti-Xa (eg, rivaroxaban, apixaban) inhibitors comparing different anticoagulation options emphasizes the necessity of conducting a thorough discussion regarding the choice of anticoagulation with patient and family, while providing full disclosure regarding the risks, benefits, and alternatives of each regimen and the option of choosing not to become pregnant and/or surrogacy. American and European Cardiology society recommendations for anticoagulation in pregnant women with a mechanical prosthesis are not in complete agreement. 19, 89 The European Society of Cardiology discourages the use of LMWH throughout the entire pregnancy due to the thrombotic risks, and considers the use of warfarin safest particularly when the dose is <5 mg daily ( Figure 6 ).
19 Table 4 summarizes the recommendations from the American College of Chest Physicians (ACCP). 66 As do the new ACCP and AHA/ACC Valvular Heart Disease guidelines, 20, 66 we emphasize patient choice and planning prior to pregnancy, and present an individualized anticoagulation plan based on the overall risk/benefit assessment for that individual patient, taking into consideration the patient's own choices.
Choice of Prosthesis in Women of Childbearing Age
The contrasting needs for durability and antithrombotic therapy make the choice of valve prosthesis in women of childbearing age a difficult process when required. Whenever possible, a choice for valve repair is ideal if the lesion is suitable, even if transfer to a center with this surgical expertise is required. Choices for valve replacement include a bioprosthesis, a human tissue valve (homograft), a mechanical prosthesis and the Ross procedure (autograft). Several valve replacements require no long-term anticoagulation, with the exception of mechanical prostheses. Accelerated or early structural valve deterioration had been a point of concern during pregnancy for bioprosthetic valve replacements necessitating re-operation sooner than expected 79 ; however, more recent studies have reported that pregnancy likely does not increase structural valve deterioration or reduce survival in patients with either homograft, pulmonary autograft valve, or bioprosthetic valves. [90] [91] [92] [93] [94] A common strategy among women of childbearing age is to opt for a bioprosthesis in the aortic or mitral position if repair is not possible, without the need for long-term anticoagulation, with the expectation that re-operation would be required in %10 years. In contemporary practice, bileaflet mechanical valves are most often preferred by surgeons when a mechanical prosthesis is chosen (as compared with first generation mechanical valves such as the Bjork Shiley valve, a tilting disc prosthesis no longer in use in the United States, and the Starr-Edwards caged-ball valve), which possess established durability and an advantageous hemodynamic profile but obligate anticoagulation in some form at all times, including during pregnancy. The presence of mechanical prostheses during pregnancy carries the risk of potentially life-threatening bleeding, thrombosis, thromboembolic complications, and death, despite careful anticoagulation management. The risk is higher when the mechanical prosthesis is in the mitral position. The presence of a mechanical valve in the aortic position was associated with the greatest incidence of cardiac and obstetric complications among all aortic valve substitutes, 90 while others confirm the use of mechanical valves and anticoagulation as a risk. 73 This is particularly true of older-generation mechanical prostheses in the mitral position, not commonly used in contemporary practice. Incremental risk includes the presence of concomitant atrial fibrillation as well as the presence of multiple mechanical prostheses, with a theoretical additive risk in thromboembolic events with these factors. 95 Ongoing clinical trials with newer-generation mechanical valves made purely of pyrolytic carbon, may ultimately lead to the requirement of less anticoagulation, with interim results suggesting less bleeding with similar protection against thromboembolic events with reduced INR goals (1.5 to 2.0; PROACT Study at www.clinicaltrials.gov NCT00291525). 96 ,97 Table 5 . Take Home Points
• The prevalence and distribution of valvular heart disease differs depending on the location of the patient's origin.
• Ongoing risk assessment and a tailored multi-disciplinary management approach during pregnancy, labor and delivery in patients with valvular disease are essential.
• Physicians caring for female patients of reproductive age that have a history of valvular heart disease or prior cardiac valve surgery have largely underutilized preconception counseling.
• Preconception risk assessment is essential.
• Mitral stenosis, the most common manifestation of rheumatic heart disease, remains the most common acquired valvular lesion in pregnant women and the most common cause of maternal death from cardiac causes worldwide.
• Patients of childbearing age with mechanical prosthetic valves pose unique challenges since there is no optimal anticoagulation agent considered safe at all stages of pregnancy.
• Low-dose, slow infusion of tissue-type plasminogen activator with repeated doses may be effective in pregnant women with prosthetic valve thrombosis. Future studies are required to determine safety and efficacy.
Conclusions
Valvular heart disease in pregnancy is an increasingly common cause of adverse complications for both mother and baby, with medical and surgical advances allowing for many patients with VHD to survive to childbearing age. While rheumatic heart disease has become relatively rare in developed countries, it remains quite common worldwide and an important cause of VHD among immigrant populations. We recommend an integrated risk stratification scheme for pregnant patients with VHD, with WHO classification and an algorithmic approach to both preconception counseling and anticoagulation strategy as outlined here, as well as early referral to a cardiologist with expertise in the management of cardiac disease and pregnancy for these complex patients (Table 5 ).
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